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Two-dimensional transition metal dichalcogenides represent an emerging class of materials exhibit-
ing various intriguing properties, and integration of such materials for potential device applications
will necessarily encounter creation of different boundaries. Using first-principles approaches, here
we investigate the structural, electronic, and magnetic properties along two inequivalent zigzag M
and X edges of MX2 (M=Mo, W; X=S, Se). Along the M edges, we reveal a previously unrecognized
but energetically strongly preferred (2x1) reconstruction pattern, which is universally operative for
all the MX2, characterized by a self-passivation mechanism through place exchanges of the outmost
X and M edge atoms. In contrast, the X edges undergo a more moderate (2x1) or (3x1) reconstruc-
tion for MoX2 or WX2, respectively. We further use the prototypical zigzag MoX2 nanoribbons to
demonstrate that the M and X edges possess distinctly different electronic and magnetic properties,
which are discussed for spintronic and catalytic applications.
PACS numbers: 61.46.-w, 64.70.Nd, 73.22.-f, 71.15.Mb
Two-dimensional (2D) transition metal dichalco-
genides (TMDs) represent an emerging class of materi-
als with immense application potentials in optoelectron-
ics [1–4], catalysis [5–7], and lubrication [8, 9]. Integra-
tion of such 2D materials into actual devices will neces-
sarily invoke the creation of properly tailored boundaries,
whose structural properties vitally influence the overall
stability and performance of the devices. For this very
reason, extensive efforts have been devoted to investigat-
ing the structural properties of TMD edges [10–14]. Dif-
ferent edge structures are also naturally accompanied by
their characteristic physical properties. Compelling ex-
isting examples include the demonstrations of persistent
metallic states [15–19], emergent magnetic orders [17, 20],
and enhanced catalytic activities [5, 6] along structurally
different edges of MoS2. Such properties, in turn, can be
exploited for desirable technological developments.
Among different possibilities of TMD edges, the most
commonly encountered types are the zigzag and arm-
chair edges, which also have their close counterparts in
graphene [21, 22]. Unlike graphene, which has only one
type of zigzag edge [23–26], a TMD material with the
chemical formula of MX2 possesses two types of zigzag
edges: metal-terminated (101¯0) edge (thereafter labeled
as M edge) and chalcogen-terminated (1¯010) edge (X
edge). Many novel properties associated with the edges
are the consequences of the specific type of termina-
tion and the exact bonding configurations due to struc-
tural reconstruction along the edges, as recently estab-
lished for the cases of graphene nanoribbons [21, 22, 27–
29]. For the widely studied zigzag edges of MoS2, a
variety of structural models have also been proposed,
in many cases invoking different stoichiometric ratios
along the edges [14, 20, 30–32], or with the inclusion
of foreign species such as hydrogen as passivating ele-
ments [10, 20, 31–34]. In contrast, likely reconstruction
patterns along the TMD zigzag edges that preserve the
M:X=1:2 ratio remain to be fully explored.
In this Letter, we use first-principles calculations
within density functional theory (DFT) to explore sys-
tematically the likely reconstruction mechanisms along
the two different zigzag edges of MX2 (M=Mo, W; X=S,
Se) that preserve the M:X=1:2 ratio. We find that the
differently terminated edges possess distinctly different
reconstruction patterns. Along the M edges, an energet-
ically highly favorable place exchange or self-passivation
mechanism is universally operative for all the four MX2
considered, exhibiting substantial inward displacements
of all the first-row M atoms and corresponding outward
displacements of half of the second-row X atoms. In the
ending structure, the more reactive M atoms are all effec-
tively passivated by the X atoms. In contrast, along the
X edges, relatively more moderate (2x1) or (3x1) recon-
structions are predicted for MoX2 or WX2, respectively,
characterized by slight local place readjustments of the
edge atoms. We further use the prototypical zigzag MoX2
nanoribbons to demonstrate that the differently recon-
structed M and X edges possess distinctly different elec-
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FIG. 1 (color online). Side view (left panel) and top view
(right panel) of optimized atomic structures of 8-zigzag (a)
MoX2 and (b) WX2 (X=S, Se) nanoribbons. The recon-
structed edge structures are indicated by the dotted rectan-
gles. The insets in the middle display the place exchange
processes involved in the (2x1) reconstruction of the Mo edge.
tronic and magnetic properties. We also present simu-
lated scanning tunneling microscopy (STM) images along
both the reconstructed Mo and X edges, and discuss these
results in connection with the standing challenging ob-
servations of the “brim states” along the edges of MoS2
nanoclusters on Au(111) substrates [10, 15, 18, 19]. Col-
lectively, the novel structural and physical properties un-
covered along the different edges of the 2D MX2 materi-
als are expected to stimulate substantial future research
activities in this important area.
The DFT calculations were performed using the
projector-augmented wave method [35] implemented in
the Vienna ab initio simulation package (VASP) [36, 37],
with the Perdew-Burke-Ernzerhof exchange-correlation
functional [38]. More computational details are described
in Supplemental Material [40]. Along either the M or
X edge of a given MX2, we first obtain the energies
of the unreconstructed, (2x1)-reconstructed, and (3x1)-
reconstructed patterns, then identify the most favorable
structure. Other possible reconstruction patterns as dis-
played in Fig. S1 [40] are found to be energetically less
favorable. When specified to the M edge, the (2x1) re-
construction illustrated in Fig. 1 is found to be ener-
getically more favorable for all the four MX2 systems.
The energy gain for MoS2 is 0.261 eV per formula unit
along the edge direction relative to the unreconstructed
case, and is much larger for the other three MX2 systems
(Table I). The underlying atomistic mechanism involved
is via place exchange, with substantial inward displace-
ments of all the first-row M atoms [Mo 1 and Mo 2 in
the insets of Fig. 1(a)] and corresponding outward dis-
placements of half of the second-row X atoms (X 3 and
X 4). In the ending structure, the displaced M atoms are
dimerized, and each dimer also connects with another M
atom belonging to the third row to form a planar M3
trimer, with the edge M atoms now all effectively pas-
sivated by the displaced X atoms. The corresponding
edge-on views are shown in Fig. S2 [40]. When the M
edges are constrained to (3x1) reconstruction patterns,
TABLE I. Energy change (∆E) due to edge reconstruction,
defined by ∆E = Eunr−Erec, where Eunr and Erec are respec-
tively the total energies of a given system before and after a
specific edge reconstruction. The energy change is per for-
mula unit (MX2) along the edge direction, given in eV. The
values in bold highlight the preferred reconstruction patterns.
MoS2 MoSe2 WS2 WSe2
2x1 3x1 2x1 3x1 2x1 3x1 2x1 3x1
M edge 0.261 -0.014 0.823 0.515 0.807 0.531 1.012 0.690
X edge 0.320 0.259 0.158 0.115 0.120 0.172 0.009 0.046
the optimized structures (Fig. S3 [40]) are metastable,
as shown in Table I.
For the X edges, the most stable structures of MoX2
are (2x1)-reconstructed, with periodically alternating
Mo-X bond lengths [Fig. 1(a)]. The short and long Mo-
S (Mo-Se) bond lengths are 2.36 (2.50) and 2.46 (2.57)
A˚, respectively, with the corresponding edge-on views
shown in Fig. S2(a) [40]. The second-row Mo atoms
are also dimerized, with the distance of 3.02 (3.12) A˚
shortened from the bulk-terminated values of 3.18 (3.32)
A˚ for MoS2 (MoSe2). The corresponding energy gain is
0.320 (0.158) eV per formula unit along the edge for MoS2
(MoSe2). The underlying driving force for the distinctly
different (2x1) reconstructions along both the Mo and X
edges can be uniquely attributed to the same dimeriza-
tion trend of the quasi-1D Mo atoms along the Mo and
X edges.
For the X edges of WX2, the (3x1) reconstructions are
found to be most stable, with 2/3 of the W-X bonds
shortened and the other 1/3 elongated [Fig. 1(b) and
Fig. S4 [40]]. The second-row W atoms are also linearly
trimerized, which may provide the underlying driving
force for the overall (3x1) reconstructions. The distance
between two neighboring W atoms in a linear trimer is
3.06 (3.19) A˚ and the gaps between two neighboring W
trimers are 3.43 (3.58) A˚ for WS2 (WSe2).
The contrasting reconstruction geometries at the two
zigzag edges of MX2 are expected to also result in dif-
ferent electronic and magnetic properties, as exemplified
below using the prototypical systems of MoX2. We start
from the spin-unpolarized band structure of MoS2 as a
reference, which has two edge states (I and II) cross-
ing the Fermi level [Fig. 2(a)]. Band I is originated
from the Mo edge, while band II is from the S edge.
When spin polarization is considered, both bands have
sizable spin splits (0.3 ∼ 0.4 eV). As shown in Fig. 2(b),
now the spin-up component of band I (labeled as I-u)
becomes fully occupied, while the spin-down component
(I-d) is still partially occupied. For band II, the spin-up
channel (II-u) is partially occupied, while the spin-down
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FIG. 2 (color online). (a) Spin-unpolarized and (b) spin-
polarized band structures of a (2x1) reconstructed 8-zigzag
MoS2 nanoribbon. (c) Charge density distributions of the
spin-polarized bands crossing the Fermi energy at the Γ point.
The red and blue colors denote spin-up and spin-down states,
respectively.
channel (II-d) is totally unoccupied. As a consequence,
even though both edges are still metallic, the contribut-
ing densities of states around the Fermi level have been
significantly reduced, resulting in an overall more sta-
ble configuration. The energy gain for the spin-polarized
state is 0.071 eV per (2x1) unit cell compared to the spin-
unpolarized state. The spatial distributions of the bands
at the Γ point are displayed in Fig. 2(c). We also note
that the I-d and II-u bands are both quite flat, which may
provide an important materials-specific platform for ex-
ploiting novel physical phenomena involving collectively
and/or strongly correlated electrons [41, 42].
As one example, the partially filled flat bands around
the Fermi level suggest that ferromagnetism is likely to
be stabilized along either reconstructed edge of the MoS2
nanoribbon [43]. Quantitative confirmations of this ex-
pectation are presented in Fig. S5 [40], displaying the
dominant contributions to the non-zero total magnetic
moment by the ferromagnetically coupled constituent
atoms along either edge. Furthermore, we find that the
total magnetic moment per (2x1) unit cell is 1.38 µB
when the two edges are in ferromagnetic (FM) order,
and is zero when the two edges are in antiferromag-
netic (AFM) order. Since these two edges are well sepa-
rated, their electronic and magnetic couplings are negli-
gible. Therefore, the AFM band structure shown in Fig.
S6(a) [40] is essentially the same as the FM band struc-
ture shown in Fig. 2(b), but here the two spin channels
in band II are mutually exchanged, while the two spin
channels in band I stay intact. On a detailed atomistic
level, the magnetic moments are located mainly on the
outmost S atoms and the inner Mo atoms of the recon-
structed Mo3 trimers along the Mo edge. This finding is
qualitatively different from that shown in a previous sys-
tematic study of the magnetic properties at the Mo edges
with different Mo:S ratios or with additional passivating
hydrogen atoms [20]. In contrast, along the S edge, the
magnetic moments are mainly concentrated on the edge
Mo atoms, and the outmost S atoms contribute much
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FIG. 3 (color online). (a) Spin-unpolarized and (b) spin-
polarized band structures of a (2x1) reconstructed 8-zigzag
MoSe2 nanoribbon. (c) Charge density distributions of the
spin-polarized bands crossing the Fermi energy at the Γ point.
weaker and AFM-coupled moments. Such magnetic mo-
ment distribution along the S edge is consistent with that
presented in the previous study [20].
In the spin-unpolarized reference system, the electronic
structure of a MoSe2 nanoribbon is very similar to that of
MoS2, with two edge bands (I and II) crossing the Fermi
level [Fig. 3(a)]. When spin polarization is considered,
an FM state in the relative magnetic order of the two
edges can be obtained, with a total magnetic moment of
1.32 µB per (2x1) unit cell. This FM state is energeti-
cally degenerate with the AFM state of the two edges,
whose band structure is shown in Fig. S6(b) [40], and
both states are 0.069 eV per (2x1) unit cell lower than
the spin-unpolarized state. But unlike MoS2, for MoSe2
another edge state (band III) located farther away from
the Fermi level in the spin-unpolarized case moves close
to the Fermi level in the spin-polarized case, and splits
into bands III-u and III-d [Fig. 3(b)]. These extra bands
are derived from the py/pz orbitals of the Se atoms con-
tained in the shorter Mo-Se bonds along the Se edge,
with band III-u providing another metallic channel. The
density distributions of the different spin bands at the Γ
point are contrasted in Fig. 3(c).
Recent studies have shown the importance of spin-orbit
coupling (SOC) in such TMD systems [44, 45]. As a
cross check, we have tested the SOC effects on the edge
states of the MoX2 ribbons. The results are presented
in Fig. S7 [40], showing that the spin-resolved electronic
structures along the edges stay qualitatively intact in the
presence of the SOC. The underlying reason lies in the
substantially larger exchange splittings due to the cou-
pling of different spin states along each edge.
For the ribboned structures of such polar materials,
electric fields across the ribbon widths may also play an
important role in determining their overall stabilities [18].
The strengths of such polar fields can be weakened by
saturating the M edges with additional X atoms, or by
the (2x1) reconstruction along the M edges via the self-
passivation mechanism identified here. Indeed, our de-
tailed calculations show that the dipole moment of the
8-zigzag MoS2 nanoribbon is reduced from -1.02 e·A˚ per
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FIG. 4 (color online). Simulated STM images of 8-zigzag (a)-
(d) MoS2 and (e)-(h) MoSe2 nanoribbons at different bias
voltages. The MoS2 system displays contrasting brim states
along the Mo and S edges.
twice the (1x1) unit cell for the unreconstructed struc-
ture to 0.30 e·A˚ per (2x1) unit cell for the reconstructed
one.
The distinctly different reconstruction patterns and
electronic structures should provide an important basis
for differentiating such edges once formed experimentally.
For this purpose, we have simulated the STM images of
the 8-zigzag MoX2 nanoribbons, as shown in Fig. 4. For
MoS2, at low bias voltages Vb = ± 0.005 V, the STM
images highlight the contributions from the states very
close to the Fermi level. We identify a quasi-1D metal-
lic state along either the Mo or S edge [Figs. 4(a) and
4(b)], which corresponds to the spin-polarized band I-d
or II-u crossing the Fermi level in Fig. 2(b). At higher
bias voltages Vb = ± 0.1 V, the whole bands crossing the
Fermi level are captured and the STM images still have
different brightness along the two edges [Figs. 4(c) and
4(d)]. It is interesting to note that, at each of the four
bias voltages, the brightest locations along the S edge are
not on the outmost atoms, but mainly on the second-row
S atoms with dimerized images connected through the
bright first-row S atoms, showing the quasi-1D nature of
the conducting channel.
To a large extent, the electronic structures along the
Mo and Se edges of MoSe2 are similar to that of MoS2.
On the other hand, because of the existence of the third
band right below the Fermi level [III-u in Fig. 3(b)],
the simulated STM images of the MoSe2 nanoribbons
show different bias dependence from that of the MoS2
nanoribbons. In particular, as shown in Figs. 4(e)-4(h),
the Se edge displays bright images along the second-row
Se atoms at the positive biases, but the first-row Se atoms
become brighter at the negative biases.
Next we discuss these predicted edge reconstruction
patterns in connection with existing experiments and re-
lated theoretical studies. First and foremost, the univer-
sal (2x1) reconstruction patterns at the zigzag M edges
have no precedence, which call for experimental valida-
tions. Secondly, there have been extensive STM studies
of zigzag-edged MoS2 monolayer nanoislands on Au sub-
strates, revealing striking higher electronic densities cen-
tered on the inner rows of the edge atoms; such bright
states have been customarily named the brim states [10].
To date, the precise origin of the brim states remains to
be unambiguously identified [15, 18, 19]. Earlier first-
principles studies have primarily focused on associating
those brim states along the edges of triangular islands
with the Mo edges, but modified by the addition of an
S2 dimer to each edge Mo atom [6, 10, 15, 20, 32]. Ap-
parently, the newly identified (2x1) reconstructed struc-
ture of the Mo edge with the 1:2 stoichiometric ratio has
so far not been considered as a candidate atomic ori-
gin for the brim states observed on either the triangu-
lar [10, 19, 32, 46] or hexagonal islands [32]. Here, a
closer comparison between the simulated images shown
in Figs. 4(a)-4(d) and those shown for the hexagonal
islands favors identifying the S edge with the laterally
broader brim states (see Fig. 2B in Ref. [32]). This ten-
tative identification will naturally leave the other type
of edges to be the Mo edges, either self-passivated as
proposed here or passivated by extra S2 dimers or other
atoms. We should also caution that in the experimen-
tal situations additional factors can come into play, such
as specific shapes of the nanoislands, substrate effects,
and possible existence of additional sulfur and/or hy-
drogen. These factors could in principle cause apprecia-
ble deviations between the simulated images under ideal
freestanding situations and the experimentally observed
images. Given these considerations, we leave definitive
identifications of the precise atomic origins of the brim
states along different edges of MoS2 nanoislands to future
efforts, with the central findings of the present study con-
tributing important pieces to the whole picture.
In summary, we have systematically investigated the
edge properties of TMDs. Although distinctly different
at the two opposite zigzag edges, reconstructions at both
edges are energetically favorable. Along the M edges,
reconstruction is universally characterized by an intrigu-
ing self-passivation mechanism through dramatic place
exchanges of the first-row M and second-row X atoms.
Reconstructions at the X edges are milder, characterized
by varying M-X bond lengths, developing a period of 2 or
3 for MoX2 or WX2, respectively. These reconstructed
edges are also characterized by robust edge states and
exotic spin orders, and serve as new candidate atomistic
origins for the contrasting brim states observed experi-
mentally along the MoS2 nanoislands. Collectively, the
novel structural and physical properties uncovered along
the different edges of the MX2 materials are expected to
have important nanoelectronic, spintronic, optical, and
catalytic applications.
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